The autonomous parvoviruses, to which minute virus of mice (MVM) belongs (Crawford, 1966) , are non-enveloped, icosahedral, single-stranded DNA-containing viruses that infect vertebrates. Several of these viruses cause foetal and neonatal abnormalities and other animal and human diseases. In both natural and experimental infections the virus destroys specifically proliferating cells (reviewed by Tijssen, 1990) .
The linear 5n1 kb genome of MVM contains two overlapping transcription units (Jongeneel et al., 1986 ; Pintel et al., 1983) . The P4 promoter at nucleotide (nt) 201j\k5 produces mRNAs encoding the nonstructural (NS) viral proteins NS1 and NS2, which are essential for both viral replication (Cotmore & Tattersall, 1988 ; Naeger et al., 1993 ; Nu$ esch et al., 1992 ; Wilson et al., 1991) and regulation of viral transcription (Ahn et al., 1992 ; Doerig et al., 1988) . The P39 promoter at nt Author for correspondence : Peter Beard.
Fax j41 21 652 6933. e-mail Peter. Beard!isrec.unil.ch 2005j\k5 generates mRNAs which encode the viral capsid proteins VP1 and VP2.
There exist two closely related strains of MVM which have identical genetic organization and 96 % homologous nucleotide sequences (Astell et al., 1986 ; Sahli et al., 1985) but different host-cell specificities. The prototype strain, MVM(p), is fibroblast-specific (Tattersall, 1972 ; Ward et al., 1978) , whereas the immunosuppressive variant MVM(i) grows in T lymphocytes and suppresses a number of T-cell mediated functions in vitro and in vivo (Bonnard et al., 1976 ; Engers et al., 1981) . Both viruses can be propagated in hybrids of the two cell types (Tattersall & Bratton, 1983) . MVM(p) and MVM(i) bind to the same receptor and are able to enter both fibroblasts and lymphocytes (Spalholz & Tattersall, 1983) .
One segment of the MVM(p) genome which determines growth in fibroblasts has been mapped between nt 3523 and 4339 in the capsid protein gene . Gardiner & Tattersall (1988) located this region more precisely, between nt 3523 and 3756, and Ball- Goodrich & Tattersall (1992) showed that mutations leading to two amino acid substitutions in the capsid protein encoded by this region can be sufficient to confer on the lymphotropic strain the capacity to infect fibroblasts. Unexpectedly, however, the corresponding region from MVM(i) in an MVM(p) background was not sufficient to allow MVM to replicate in the T-lymphocytic cell line EL4 .
In the work described here we were interested in locating the regions within the MVM(i) genome which permit lytic growth in lymphocytes. For this purpose we used the approach of constructing in vitro recombinant viral DNAs of MVM(i) and MVM(p).
Cloned viral DNA was cut out of the plasmid by SalI endonuclease, and transfected into EL4 lymphocytes and A9 fibroblasts. Cells were passaged until a cytopathic effect was observed or up to 1 month after transfection. The recombinant viral DNAs fell into four groups (Fig. 1 a) . Firstly, DNAs i1, i4 and i6 gave rise to lytic virus when transfected into lymphocytes. Secondly, transfection of DNAs p1, p3 and i9 induced lysis in fibroblasts. Thirdly, the recombinant DNAs i2, i3 and i8 did not induce a lytic infection in either cell line. To obtain virus from this group
The bars represent recombinant and wild-type MVM genomes. Open portions were derived from MVM(i) DNA, shaded portions from MVM(p) DNA. The bar at the bottom represents the viral genome, with the restriction sites used in the different constructions (S, SalI; E, EcoRI ; B, BstEII ; Xh, XhoI ; Xb, XbaI). Above are indicated the early and late lymphocytespecific segments from MVM(i), iE and iL. The j and -indicate whether lytic viral infections were produced in transfected EL4 (Shevach et al., 1972) , A9 (Littlefield, 1964) or iD5 (Gardiner & Tattersall, 1988) cells ; nd, not done ; (*) i10 DNA was constructed twice independently but we were not able to obtain viral progeny in any type of transfected cell. EL4, A9 or iD5 cells were transfected with 1 to 2 µg of linearized cloned MVM DNAs. The plasmid pEMBL9j-i3 was constructed by replacing an EcoRI-XbaI fragment (3523 to 4339) from the plasmid pEMBL9j-p1 with the corresponding EcoRI-XbaI fragment from the plasmid pEMBL9j-i1 (Sahli et al., 1985) . Similarly, the following plasmids were obtained : pEMBL9j-i2 in which the substituted fragment extends from the XhoI to the XbaI sites (2070 to 4339), pEMBL9j-i4 by replacing the fragment EcoRI-XbaI (1084 to 4339). pEMBL9j-i6 was obtained by replacing the EcoRI-XhoI fragment (1084 to 2070) from the plasmid pEMBL9j-i3 with the corresponding EcoRI-XhoI from pEMBL9j-i1. pEMBL9j-i8 was made by removing the BstEII-XhoI fragment (nt 1884 to 2070) from the plasmid pEMBL9j-i6 and replacing it with the BstEII-XhoI fragment of pEMBL9j-p1, whereas plasmid pEMBL9j-i10 was obtained from clone pEMBL9j-p1 by substituting the BstEII-XbaI fragment (nt 1884 to 4339) with the corresponding BstEII-XbaI fragment from plasmid pEMBL9j-i6. To construct the plasmid pEMBL9j-i9 the BstEII-XhoI fragment (nt 1884 to 2070) from pEMBL9j-p1 DNA was replaced with the corresponding BstEII-XhoI fragment of the plasmid pEMBL9j-i1. (b) Viral DNA replication in EL4 cells. EL4 cells were infected with each hybrid virus as indicated on the left, and viral RF DNA was extracted (McMaster et al., 1981) at 3, 20 and 50 h postinfection. A portion (1/100) of each DNA preparation was applied to a nitrocellulose filter with a slot-blotter apparatus, and hybridized with a labelled single-stranded DNA probe of the same polarity as that of the virion DNA.
of DNAs we transfected iD5 cells, a somatic cell hybrid between fibroblasts and lymphocytes (Gardiner & Tattersall, 1988) . iD5 cells are permissive for both MVM(i) and MVM(p) and were expected to allow virus production from all of the recombinant MVM DNAs. DNAs i2, i3 and i8 did produce virus in iD5 cells. Finally, with i10 DNA we did not obtain infectious virus in several transfection experiments. This DNA was cloned independently twice. The i-specific region between restriction sites BstEII-XhoI (nt 1884 to 2070) was sequenced and was found to be the same as the i sequence published by Sahli et al. (1985) . The reason why i10 DNA did not produce infectious virus at least in iD5 cells remains unclear. It might be due to a mutation outside this region not detectable by restriction analysis, or the hybrid early region in i10 may be non-functional. From lysed cultures, virus stocks were recovered and tested in further infections of EL4 and A9. The results confirmed the data from the transfection experiments shown in Fig. 1 (a) . MVM(p3) and MVM(i9) have the same phenotype as MVM(p), whereas MVM(i4) and MVM(i6) have the same phenotype as MVM(i). MVM(i6) defines two specific regions from the MVM(i) genome, referred to as early segment (iE), between nt 1084 and 2070 and late segment (iL) located between nt 3523 and 4339. Both regions are required for lytic infection in EL4 since the recombinant DNAs i3, i2, i8 and p3, containing only one of the two regions (iE or iL), did not produce lytic virus when transfected into EL4 cells. This requirement therefore is in contrast to the requirement for lytic growth in fibroblasts, where only one segment, pL, is needed in an MVM(i) background Gardiner & Tattersall, 1988 ; Ball-Goodrich et al., 1991 .
EL4 cells were infected with recombinant viruses and viral DNA was extracted after 3, 20 and 50 h. An aliquot of each DNA preparation was loaded onto a nitrocellulose filter and MVM RF DNA detected by hybridization with labelled singlestranded DNA of the same polarity as that of virion DNA (Fig.   FIC MVM host-cell specificity MVM host-cell specificity 
b).
We interpret the early signal (3 h post-infection) that we observed as being due to the conversion of single-stranded DNA of the infecting virus to double-stranded replicative form (RF) DNA. Part of the signal could be due to hybridization to the 3h palindromic sequences of the incoming viral DNA. The results showed that DNA from MVM(i4) and (i6) replicated as well as DNA from MVM(i1), while DNAs from MVM(i3), (p3) and (p1) did not replicate in EL4 cells. However, there was a small increase of the band intensity from 3 to 20 h in nonpermissive infections, possibly because conversion of the virion single-stranded DNA to double-stranded DNA continued after 3 h. Thus, viruses containing in their genome both E and L segments from MVM(i) (i1, i4 and i6) lead to replication of viral DNA in infected lymphocytes. In contrast, MVM viruses in which either one or both segments are from MVM(p) are deficient in viral DNA replication in EL4.
A region between nt 1884 and 2070 within the iE segment includes the P39 promoter that controls transcription of capsid protein mRNAs, as well as the splice acceptor site of the large intron which is removed to produce NS2 mRNA. In addition this region encodes the carboxy-terminal part of NS1 and NS2 proteins (Fig. 2 c) . The dependence of MVM replication in EL4 M. C. Colomar, B. Hirt and P. Beard M. C. Colomar, B. Hirt and P. Beard Fig. 3 . Transcription of cloned MVM DNAs after transfection into EL4 cells. Cells were transfected with 10 µg of the indicated circular cloned DNAs. After 24 h, total RNA was extracted (Chomczynski & Sacchi, 1987) and 50 µg of each sample was analysed by RNase protection. Specific viral mRNAs were detected using the antisense riboprobe depicted in Fig.  2(b) , either from the i (lanes 1, 2 and 4) or p (lanes 3 and 5) sequence. Lanes 6 and 7, riboprobes i and p, respectively, digested alone with a mixture of RNase A and T1. Lanes 8 and 9, intact full-length riboprobes i and p. The sizes of the fragments protected by the different viral mRNAs are indicated on the left. The plasmids pSP64-iHX and pSP64-pHX used as templates for the synthesis of antisense SP6 riboprobes were constructed by inserting a HaeIII-XhoI fragment (nt 1854 to 2071) from the RF of MVM(i) (iHX) or from MVM(p) (pHX) into pSP64 between the SalI and SmaI sites .
on the iE segment could thus reflect an effect on the synthesis or processing of viral mRNAs. We therefore tested whether viral mRNA levels in EL4 cells depended on the presence of iE or pE.
EL4 cells were transfected with the recombinant viral DNAs described above (Fig. 1) . After 24 h total RNA was extracted and analysed for the presence of viral mRNA by RNase protection. The RNA probe that we used allowed us to distinguish the different viral mRNA species (Fig. 2 b) . A fragment of 217 nt arises from protection by NS1 mRNA, a fragment of 80 nt is due to protection by NS2 mRNA, and a fragment of about 64 nt results from protection by VP1 and VP2 mRNAs. A riboprobe complementary to the i sequence was used to detect i-specific mRNAs and one complementary to the p sequence to detect p-specific mRNAs .
EL4 cells transfected with any MVM DNA expressed NS1, NS2 and VP mRNAs (Fig. 3, lanes 1 to 5) . The intensity of the band due to the capsid protein mRNAs was similar regardless of the origin of the P39 promoter, indicating that the MVM(i) and the MVM(p) late promoters are equally active in EL4. Conversely, the bands due to NS2 transcripts were much more prominent when they originated from DNA in which the region from nt 1884 to 2070 in the E segment comes from MVM(p) (i3 and p1 ; Fig. 3 , lanes 3 and 5 respectively). The same results were observed when the i-specific probe was hybridized with i3 and p1 mRNAs (not shown). NS1 mRNA gives rise to several protected fragments in this assay. The strongest protected fragment formed with i-specific NS1 mRNA migrates at a position corresponding to 3 to 4 nt shorter than that with p-specific mRNA (Fig. 3 , compare lanes 2 and 4 with 3 and 5). The reason for this difference is not known although it was observed under several conditions of RNase protection. The main NS1-specific band obtained with DNAs containing iE (DNAs i9 and i10) was somewhat stronger than that obtained with DNAs containing pE (DNAs i3 and p1).
Two regions in the MVM(i) genome are shown here to be required for virus growth in EL4 lymphoma cells. In contrast, the pL segment alone is sufficient to allow virus replication in A9 fibroblasts . Mutations in the iL segment leading to two amino acid substitutions from (i) to (p) (Ala to Thr and Glu to Gly, nt positions 3739 and 3752) were sufficient in an MVM(i) background to confer the capacity to grow in A9 (Ball-Goodrich & Tattersall, 1992) . However, in our experiments, a recombinant viral DNA containing the pL segment from nt 3523 to 3756 (which includes these two amino acids) in an MVM(i) background was unable to grow in A9 (unpublished results). Sequencing of the segment from nt 3450 to 4209 showed some differences in our cloned MVM(i) DNA (Sahli et al., 1985) from the sequence published by Astell et al. (1983 Astell et al. ( , 1986 . The difference between our results and those of Ball-Goodrich & Tattersall (1992) may be related to the different MVM(i) backgrounds used. Thus, in our observations the L segment extends from nt 3523 to 4339 which includes the two differences mapped previously (Ball-Goodrich & Tattersall, 1992) , in addition to other changes .
The host range of canine parvovirus and feline panleukopenia virus is controlled by the capsid-protein coding region (Parrish, 1991 ; Parrish et al., 1988 ; Parrish & Carmichael, FIE 1986 ; recently reviewed by Truyen & Parrish, 1995) . In addition, Vasudevacharya & Compans (1992) showed that the host range of porcine parvovirus depends on this region, and another in the non-structural protein coding region. Gardiner & Tattersall (1988) also observed that sequences near the P39 promoter influence the growth of MVM in fibroblasts. Thus, it seems general that these regions can affect the host range of autonomous parvoviruses.
The iE segment of MVM appears to strongly enhance viral DNA replication in EL4. The iE segment differs from pE in 28 nt positions, only two of which modify the amino acid sequence of NS1 protein [Lys and Ser in MVM(i) to Arg and Leu in MVM(p), nt 1354 and 1984 respectively (Sahli et al., 1985) ]. Either these changes in the E-sequence or i-NS1 protein may be responsible for the increased replication efficiency of iE-containing viral DNA in EL4 cells. NS1 is important for viral DNA replication : it is covalently linked to the 5h terminus of MVM DNA (Cotmore & Tattersall, 1988 , 1989 ; it has helicase activity (Wilson et al., 1991) ; and it is required for sitespecific DNA nicking in vitro and resolution of MVM terminal palindromic sequences (Nu$ esch et al., 1992) . NS2 seems to be involved in several viral processes in a cell-type-specific manner. It is required for efficient translation of viral mRNA and could affect the production of capsids (Naeger et al., 1993) .
In addition to encoding part of the carboxy-terminal sequence of NS1 and NS2, the E segment includes the P39 promoter and the splice acceptor site of the large intron whose removal creates NS2 mRNA. MVM splice signals have recently been reviewed (Pintel et al., 1995) . Analysis of viral mRNAs produced in EL4 cells after transfection with recombinant MVM DNAs indicated that the P39 promoters from MVM(i) and MVM(p) were equally active. However, cells transfected with pE-containing DNA produced increased amounts of NS2 mRNA. This difference depended on the segment between nt 1884 and 2070. The sequence of this segment includes four differences between i and p DNAs, one of them being a G-A change in a putative splice branch point sequence (see Pintel et al., 1995 and Fig. 2 c) . The data indicate that this region affects the ratio between NS1 and NS2 mRNA, i.e. the frequency of splicing of their common precursor (Jongeneel et al., 1986) rather than the rate of transcription. Although it remains possible that the different strength of NS1 mRNA signals are due to differences in the stability of basepairing between the i-and p-NS1 mRNAs and their respective riboprobes, this consideration does not affect the NS2 signals since there is no sequence difference between MVM(i) and (p) in the protected region of this mRNA.
These observations suggest that excision of the large intron from MVM pre-mRNA is regulated in a virus-strainspecific manner. This has also been noted by others (BallGoodrich & Tattersall, 1992 ; Pintel et al., 1995) but no correlation was seen between the level of splicing and the ability to infect fibroblasts (Ball-Goodrich & Tattersall, 1992) . For growth in lymphocytes, the MVM(i) E determinant is crucial. The extent to which changes in the levels of NS2 transcripts on one hand, and in the NS1\NS2 sequence on the other, contribute to the ability of MVM(i) to grow in these cells remains to be clarified. What is clear is that the E segment does not mediate cell-type specificity via the level of capsid mRNAs.
